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Oxygen plasma has been successfully utilized to remove the organic template in molecularly templated nanoporous silica films.
The resulting nanoporous silica film has a high porosity and a surface roughness of less than 10 Å. The hydrophilic film can be
modified to be hydrophobic by reacting with hexamethyldisilazane ~HMDS!. Reductive plasmas, such as hydrogen and ammonia
plasmas, have been applied to reduce the leakage current of the nanoporous silica film without deteriorating the dielectric
properties. The dielectric constant of the silica film can be reduced to 1.7 after an HMDS/H2 plasma/HMDS treatment. The
leakage current of the plasma-treated silica film can reach below 1 3 1027 A/cm2 at an electric field of 2 MV/cm. This report
shows the feasibility of integration of plasma processes into preparation of molecularly templated nanoporous silica films for ULSI
applications.
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2001.To mitigate RC delay and RC coupling of integrated circuit ~IC!
as the device packing density on the IC chip continues to increase,
the IC industry urgently requires a new intermetal dielectric material
offering a very low dielectric constant. For the sub-150 nm technol-
ogy node, a film with a dielectric constant ,2.5 is required. Due to
its very low dielectric constant (,2.0), high thermal stabilities, and
process compatibility with contemporary IC technology, porous
silica film is a potential candidate for intermetal dielectrics for ul-
tralarge scale integration ~ULSI! applications. Nanoporous silica
films are generally prepared by sol-gel process. The sol-gel process
can be classified into two main categories; aerogel/xerogel
process,1-4 in which pores are introduced by removal of the solvent/
cosolvent in the wet gel, and molecularly templated synthesis,5-10 in
which pores are created by removal of the organic templates such as
micelles of surfactants. Due to the random pore structure and wide
pore size distribution, aerogel and xerogel silica films have a weak
mechanical strength, which may become a serious integration prob-
lem for chemical mechanical polishing ~CMP! process. On the other
hand, porous silica films grown on silicon wafers by molecularly
templated synthesis generally have a uniform pore size in the range
of 20-90 Å, and an ordered pore structure with a controllable poros-
ity of 45-75%.10 These advantages make the molecularly templated
nanoporous silica film suitable for ultralow intermetal dielectrics for
ULSI technology.
The porosity of the molecularly templated nanoporous silica film
is created after removal of the organic template by either calcination
at a temperature above 400°C or solvent extraction.11 However, the
template cannot be effectively removed without roughening the film
surface. After the removal of organic templates, the silica film gen-
erally contains silanol groups and adsorbed water. Hexamethyldisi-
lazane ~HMDS! or trimethylchlorosilane ~TMCS! is reported to re-
act with silanol groups to form hydrophobic trimethylsilyl groups,
and, as a result, moisture adsorption may be hindered by the hydro-
phobic pore surface of the nanoporous silica film.12-14 Thus the di-
electric constant of the film can be kept relatively low in the ambient
atmosphere. However, during subsequent high-temperature pro-
cesses, trimethylsilyl groups on the pore surface may decompose
into carbon dioxide, water, and methane, and the decomposition
products may contaminate the porous film. Additional treatments,
such as electron-beam irradiation,15 are required to reduce the car-
bon content of the silica film. In this paper, we report on the growth
of a molecularly templated nanoporous silica film using an oxygen
plasma treatment instead of calcination to remove the organic tem-
plate. The oxygen-plasma-treated nanoporous film has a high poros-
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hydrogen or ammonia plasma, the nanoporous silica film exhibits a
reduction in the leakage current without affecting the dielectric con-
stant. To our knowledge, this is the first report of its kind on pre-
paring nanoporous silica film using plasma to expel organic tem-
plates.
Nanoporous silica films were deposited by spin coating on pre-
cleaned 4 in. p-type silicon ~100! wafers. The precursor solution was
prepared by a sol-gel process with triblock copolymer Pluronic
P-123 ~P123! as the template. The silica sol-gel was made by reflux-
ing the mixture of tetraethyl orthosilicate ~TEOS!, H2O, HCl, and
ethanol at 70°C for 90 min, and the final composition in the precur-
sor solution was TEOS:P123:H2O:HCl:ethanol 5 1:0.008-0.03:
3.5-5:0.003-0.03:10-34. The solution was spin-coated on the sili-
con wafer at 1500-2000 rpm under the ambient condition. The as-
deposited film was baked at 105°C for 1 h, and then subjected to a
low-power ~15 W!, oxygen plasma in a plasma-enhanced chemical
vapor deposition ~PECVD! cluster system at 300°C for 3 min to
remove the organic template. For comparison, a baked film was
calcined at 400°C for 30 min in an air flow. The strong X-ray
diffraction ~XRD! signal shown in Fig. 1 reflects an ordered pore-
to-pore spacing of 85 and 71 Å for the silica film before and after
oxygen plasma treatment, respectively. The ;16% film shrinkage
after the plasma treatment may be due to further silica condensation
and plasma etching. Fourier transformation infrared spectroscopy
~FTIR! was used to monitor the organic content in the silica films.
Figure 2 shows the FTIR spectra of nanoporous silica films before
and after template removal by the oxygen plasma treatment and by
400°C calcination. After 30 min calcination, the template was re-
moved successfully, as indicated by the disappearance of the C-H
absorption of the template around 2800-3000 cm21. On the other
hand, a short period of the oxygen plasma treatment at 15 W com-
pletely removed the organic species from the film as well, suggest-
ing the efficacy of a low-power oxygen plasma as the ‘‘organics
scavenger.’’ Oxygen radicals produced in the plasma may diffuse
into the silica film and oxidize the organic template, and a porous
structure is thus created. The resulting pore surface may be occupied
mostly by hydrophilic silanol groups, and can be later modified in
HMDS vapor to become hydrophobic.
The oxygen plasma can effectively decompose the organic tem-
plate, but a high power plasma may seriously damage the film mi-
crostructure. Figure 3 shows atomic force microscopy ~AFM! im-
ages of the nanoporous silica film after the oxygen plasma
treatment. The average surface roughness of the low-power oxygen-
plasma-treated film was estimated to be less than 10 Å, similar to
that of the calcined film. On the other hand, a severe crack was
observed on the porous film treated by a high-power plasma ~200 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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the film stress due to rapid surface condensation may lead to the film
crack under the high-power plasma condition. Bombardment of
plasma species with high kinetic energies can also damage the Si-O
bonding structure of the film, and thus induce the crack. The opti-
mized power of the oxygen plasma to remove organic templates
without damaging the porous film was found to be below 45 W.
After removal of the organic template by the oxygen plasma, the
nanoporous silica film was exposed to a saturated HMDS vapor at
150°C for 1 h. The HMDS modified silica film was then moved to
the PECVD system and subjected to a hydrogen plasma at 250°C
with a plasma power of 15 W and an H2 flow rate of 400 sccm at
600 mTorr, or an ammonia plasma of various powers at 300°C for 5
min with an NH3 flow rate of 550 sccm at 600 mTorr. Hydrogen
radicals created in the H2 and NH3 plasmas are able to react with
both trivalent silicon atoms and SiOH centers in the silica film. As a
result, the porous silica film treated with the reductive plasmas dem-
onstrates better electrical characteristics as discussed later. FTIR
Figure 2. IR spectra of nanoporous silica films ~a! prior to removal of the
template, ~b! after calcination, and ~c! after the 15 W oxygen plasma treat-
ment.
Figure 1. XRD of ~a! the as-deposited and ~b! the oxygen-plasma-treated
nanoporous silica films.Downloaded 18 Nov 2010 to 140.114.49.76. Redistribution subject tospectra shown in Fig. 4 indicate that hydrophobic trimethyl-
silyl groups still exist in the porous silica film after prolonged or
high-power reductive plasma treatment, as indicated by the presence
of the two absorption peaks at 1258 and 2965 cm21, which are
assigned to the vibrations of the Si-C bond and the CH3 unit of the
trimethylsilyl group, respectively. This suggests that the plasma
treatment does not destroy the hydrophobicity of the porous film.
Compared to the electron-beam treatment for the porous silica
film,15 the reductive plasma treatment is more compatible with con-
temporary semiconductor processing techniques and does little dam-
age to the nanoporous silica film.
To measure the dielectric constant of the nanoporous silica film,
metal-insulator-semiconductor ~MIS! capacitors were fabricated.
The capacitance was measured with a Keithley model 82 CV meter
at a frequency of 1 MHz. The capacitor electrode was an array of
aluminum dots fabricated on the silica film by thermal coating with
a shadow mask. The film thickness was measured by cross-sectional
scanning electron microscopy ~SEM!. The nanoporous silica film
right after the HMDS modification had a dielectric constant of
;2.61. After being treated with the reductive plasma of moderate
power, the HMDS modified porous film exhibited a lower dielectric
Figure 3. AFM images of nanoporous silica films ~a! after 15 W and ~b! 200
W oxygen plasma treatment. ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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and leakage current densities of the films after the plasma treatment
at different power levels for 3 min. From the table, the lowest di-
electric constant was obtained by a hydrogen plasma of ;15 W. To
reduce the leakage current without sacrificing the hydrophobicity, or
optimum plasma power is required to maintain a balance between
the reduction reaction and the bombardment effect. With one more
Figure 4. FTIR spectra of HMDS-modified nanoporous silica films after ~a!
15 W H2 plasma treatment with various durations, and ~b! NH3 plasma
treatment for 5 min at different powers.
Table I. Dielectric constants and leakage current densities of na-
noporous silica films after hydrogen or ammonia plasma treat-
ment at different powers.
Power ~W! H2 plasma NH3 plasma
k I(1027 A/cm2) k I(1027 A/cm2)
0 2.61 23.4 2.61 23.4
15 2.19 4.4 2.36 7.1
45 2.42 5.2 2.30 7.6
75 2.36 5.5 2.38 9.3
90 2.46 6.2 2.83 15.4Downloaded 18 Nov 2010 to 140.114.49.76. Redistribution subject toHMDS exposure, the dielectric constant of the nanoporous silica
film can be further reduced to 1.7 with a leakage current density of
9 3 1028 A/cm2, and the film shows a very stable dielectric prop-
erty under the ambient atmosphere and temperature.
The current voltage ~I-V! characteristics were performed with an
HP 4145B semiconductor parameter analyzer. Figure 5 shows the
I-V curves of the nanoporous silica film. Prior to the HMDS vapor
treatment, the silica film showed a leakage current density of 2.3
3 1025 A/cm2 at a stress field of 2 MV/cm. The leakage current
density dropped to 2.3 3 1026 A/cm2 after the HMDS treatment.
Reductive plasma treatments after the HMDS modification further
reduced the leakage current density to 4-9 3 1027 A/cm2. The de-
crease of the dielectric constant and the leakage current is attributed
to reduction in adsorbed water and SiOH centers on the pore surface
in the silica film. During the film treatment, HMDS and the hydro-
gen radical will react with SiOH groups to form Si-CH3 and SiH,
respectively, and thus increase hydrophobicity of the porous film. It
has been suggested that electrons injected into the thermal oxide
film can be captured by water-related traps.16 Electron trapping in a
water-related trap may initiate a chemical reaction, producing a
negatively charged center and hydrogen. The porous nature of the
nanoporous silica film may provide much more such traps in the
film. The reduction in the content of SiOH centers and adsorbed
water on the pore surface by exposing the nanoporous silica film to
the HMDS vapor and the reductive plasma can eliminate a large
amount of water-related traps, and, as a result, decrease the dielec-
tric constant and the leakage current of the silica film. In addition,
the H radical can passivate dangling bonds in the film leading to a
further reduction in the leakage current. From Table I, both the
dielectric constant and the leakage current density decrease first and
then increase with increasing the reductive plasma power. The same
electrical behavior was observed with changing plasma treatment
duration. While the dielectric constant and the leakage current can
be effectively reduced under a mild plasma condition, a high plasma
power or long treatment duration may decrease the Si-CH3 group
content of the film, as shown by the intensity variation of the CH3
and Si-C absorption peaks in the FTIR spectra of Fig. 4. The de-
crease in the Si-CH3 content will degrade the hydrophobicity of the
porous film, and thus increase the dielectric constant and the leakage
current.
In summary, a low power oxygen plasma can efficiently remove
the organic template in the molecularly templated nanoporous silica
film. The oxygen plasma treated silica film retains its integrity with
a very small surface roughness. The hydrophobicity of the porous
silica film can be improved by exposing the film to an HMDS vapor,
and further reductive plasma treatments may decrease both the di-
Figure 5. I-V curve for the nanoporous silica films without any modification
~n!, treated with HMDS vapor ~d!, and a 15 W H2 plasma treatment right
after the HMDS vapor treatment ~h!. ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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treated porous film. For the nanoporous silica film calcined in the O2
plasma, the dielectric constant can be reduced to 1.7 after the
HMDS/H2 plasma/HMDS treatment, and the leakage current density
is within the range of 1027 A/cm2 at a stress field of 2 MV/cm. This
study demonstrates the feasibility of integration of plasma processes
into the preparation of molecularly templated nanoporous silica
films for ULSI applications.
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